In an earlier publication the writers (12) showed that the niacin concentration of dent corn behaved as a so-called quantitative character in inheritance, being determined by many genes of small individual effects. They also showed that niacin concentration could be modified rapidly by selection and saw no reason why hybrids with niacin concentrations as high as 50 micrograms/gram could not be developed. It was noted further that a second mode of inheritance had been reported (1, 9) . In this, the starchy, Su, gene was dominant for lower niacin concentration over its su allele, just as it is dominant for starchy vs. sweet endosperm. We suggested that the influence of the Susu alleles on niacin concentration was a secondary or pleiotropic one. There also was a suggestion (inconclusive) that the alleles differentiating starchy and waxy (Wx wx) might operate similarly.
Introduction
In an earlier publication the writers (12) showed that the niacin concentration of dent corn behaved as a so-called quantitative character in inheritance, being determined by many genes of small individual effects. They also showed that niacin concentration could be modified rapidly by selection and saw no reason why hybrids with niacin concentrations as high as 50 micrograms/gram could not be developed. It was noted further that a second mode of inheritance had been reported (1, 9) . In this, the starchy, Su, gene was dominant for lower niacin concentration over its su allele, just as it is dominant for starchy vs. sweet endosperm. We suggested that the influence of the Susu alleles on niacin concentration was a secondary or pleiotropic one. There also was a suggestion (inconclusive) that the alleles differentiating starchy and waxy (Wx wx) might operate similarly.
Since our paper was written, workers at the Ohio Experiment Station have reported on niacin concentration in dent corn. Their earlier results (7) are open to some question because their material was open pollinated. Pollination accordingly could have been a differentiating influence, rather than environment as they concluded. Their later research was with handpollinated material. From this (4), they stressed the hereditary influence on niacin concentration, and suggested that it might be increased by breeding. GORFINKEL (5) also has reported practically complete dominance of the Su gene for lower niacin, and CAMERON and TEAS (3) have found the sugary types as conditioned at both the su and the du loci to be higher in niacin than the starchy types. LENG et al. (8) report the niacin concentration of sugary, waxy and dent kernels from segregating ears. Dent and waxy are not mutually exclusive, and neither are sugary and waxy. Their sugary class included the double recessive su wx kernels; whether or not their dent included waxy as well as starchy cannot be told. Correlations reported indicate a multiple effect of the su gene on both niacin concentration and carbohydrate formation, a pleiotropic action as postulated by RICHEY and DAWSON (12) . LENG et al. (8) also state that unpublished data indicate no close relation between kernel size and niacin concentration, in agreement with the conclusion previously reported by RICHEY and DAW-SON (12) . 1Joint contribution from the Division of Cereal Crops and Diseases, Bureau of 
PLANT PHYSIOLOGY
The interaction of multiple-factor with Su su hereditary control seemed of interest in various ways. Particularly, it appeared to offer another approach for the study of physiogenetic relations. Experiments accordingly were undertaken to explore the situation further. An initial result was to rule out the greater weight of starchy kernels as any important part of the reason for their having a lower niacin concentration than that of their sweet sibs. A parenthetic note of this was added in proof to our earlier paper (12) . Progress with these and certain corollary experiments is reported here.
Material and methods The material investigated can be considered most conveniently in connection with the particular experiments. All values for niacin reported originally here have been obtained by modifications of the procedures recommended by the AsSOCIATION OF VITAMIN CHEMISTS (13) . Lactobacillus arabinosus (ATCC 8014) was the test organism. Evidence will be presented elsewhere to show that absolute limitations to the rate of acid production are inherent in the Vitamin Chemists' procedure as published. MCILWAIN (10) has pointed out that such limitations both theoretically and practically render the assay results somewhat unreliable. These difficulties have been partially avoided in the present study by the following changes in procedure.
1) An operationally induced deficiency of cystine was overcome by standardization of the method of mixing the ingredients of the basal medium. Precipitation of cystine was avoided by adding the stock solution of this amino acid to the maximum allowable volume of water at 500 C.
2) The concentration of glucose was increased to 1.2%o.
3) Potassium acetate replaced sodium acetate and the concentration was increased to 1.5%o.
4) Final pH of the basal medium was lowered to 6.4. 5) All bacterial cultures, inocula and sterilized media were stored whenever necessary in a refrigerator in which no possibility existed for contamination with vapors of chloroform, toluene or other volatile chemicals. The importance of this precaution needs especial emphasis in view of the recommendation of the VITAMIN CHEMISTS (13).
6) All acid extracts of whole corn meal were diluted 1 part to 1000 of water, based on the dry weight of the original sample, before withdrawal of aliquots for assay.
As a consequence of the first five of these modifications, the linear portion of the standard curve attains a virtually constant slope of four millimoles of acid produced per microgram of added nicotinic acid in a period of 65 hours.
Comparison of the assay values obtained by the Vitamin Chemists' method (13) with those obtained on parallel samples by the modified procedure outlined above indicates that all previously published figures from this Laboratory (12) are about 2.5 micrograms per gram too high. This appears to have been caused by partial alleviation of growth factor deficiencies (e.g., cystine) other than niacin upon the addition of corn meal extracts to the basal medium. In consequence, the standard curves were uniformly a little too low.
Standard samples of corn meal and of wheat flour were introduced at intervals during the course of the assays here reported, always with satisfactory results.
In some of our studies, there arose the problem of possible deterioration of niacin content during storage of the samples. Experiments performed on whole grain and on ground meal, both of which had been stored at room temperature for two years, indicated that no significant deterioration had occurred in the whole grain. On the other hand, the ground meal had lost about 3.0 micrograms of niacin per gram, a negligible amount for most purposes.
The question of completeness of niacin extraction from the ground whole meal has also arisen. The intermediate model of the Wiley Mill (A. H. Thomas Co., Philadelphia, makers) has been used to grind the corn samples to meal following preliminary cracking in a plate mill. There has been a tendency for the hard portions of the grain to remain behind in the grinding chamber of this mill when a 40-or 60-mesh screen is used. Careful and repeated tests of completeness of niacin extraction from samples specially ground through 20-and 40-mesh screens to avoid hold-up have shown complete recovery of the vitamin from the 20-mesh sample. Hence, we have adopted the 20-mesh sieve as standard.
Niacin in normal and defective seeds A possible influence of kernel size on niacin concentration was explored by the assay of normal (De) and small or defective (de) seeds. The defective character was derived from an ear of the Huffman variety first selfed in 1943. Normal seeds from segregating ears were planted in 1944 and 1945, and both normal and defective seeds were planted in 1946. The plants from defective seeds developed more slowly, requiring about seven days longer from planting to silking. At that time they were about eight feet tall compared to nine feet for the normals. Two selfed segregating ears from this crop had 440 and 521 kernels, of which 107 and 126 were defective-deviations of three and four from a 1 to 3 ratio. In 1947, selfed and crossed ears were obtained, as shown in table I, and the two kinds of seeds assayed for niacin. These should have been very largely isogenic except at the De de locus. Considering first only the normal and defective seeds produced on individual segregating ears, the normal seeds weighed 15.2 grams or 69% more than the defectives and had 2.58 + 0.11 micrograms or 57% more niacin per seed. The concentration of niacin in the defective seeds was 1.3 ± 1.2 micrograms per gram, or 7%o, greater than that in the normal seeds. This difference is not significant statistically and relatively unimportant in any event. The data for one homozygous normal and two homozygous defective plants are from too small a sample to be conclusive as to anything. They suggest in no way, however, any important modification of niacin concentration when the normal and defective seeds are grown on different plants instead of in direct competition on the same ear. There is nothing here, then, to indicate that even large differences in kernel size modify importantly the niacin concentration per gram of dry matter.
The relative influence of seed and pollen parents
It was noted in our earlier paper that the seed parent in general exercised more influence than the pollen parent. It seemed advisable to have a quantitative estimate of the relative influence of the two parents. Such a differential influence has been noted for several kernel characteristics in corn, perhaps the first being in floury-flinty endosperm (6) . In crosses between these two types, the seed parent determines the nature of the endosperm, the two genomes from the polar nuclei overbalancing the one genome from the sperm in the triple fusion of endosperm initiation. Niacin in the corn kernel is not restricted to the endosperm. It occurs also in the germ (embryo plus scutellum) and pericarp, more or less equally with that in the endosperm (12) . The endosperm, however, comprises about 90%o of the kernel. Any differential influence of the parents on niacin in the endosperm accordingly would very largely determine difference in the content of the whole kernels. It also is possible, of course, that niacin concentration could be influenced by the physiology of the seed-parent plant, apart from the genetic influence of this plant directly on the endosperm. Crosses between T13 and Tx61M were used to study the relative influence of seed and pollen parents on niacin concentration. These are longtime (10 or more generations) selfed lines and differ widely in niacin concentration. They were also used, moreover, in the investigation of niacin in crosses between sweet and starchy corn to be reported here. The inbreds were crossed reciprocally and the crosses were selfed, and also backcrossed by both parents. The niacin in the parents and single crosses grown in 1947 is shown in table II. The calculated values are based on the parental concentrations and an assumed ratio of an influence of two for the seed parent to one for the pollen parent. The agreement between observed and calculated niacin per seed is excellent, but the calculated niacin per gram is excessive. The excesses for the two reciprocals, however, differ by only 3.4 micrograms per gram.
The single cross between T13 and Tx61M and both parents were grown in adjacent rows and self-pollinated in 1948. Crossed plants also were backcrossed with pollen from each parent. The niacin per seed and per gram in the resulting kernels is shown in table III. As the concentration of niacin for the parent lines in 1948 was slightly lower than that for 1947, the 1948 values were used to get the calculated values in table III, as those for 1947 had been used for calculation in table II. It will be noted that the niacin observed is consistently less than that calculated, both per seed and per gram. The assumption of a ratio of two for the influence of the seed parent to one for that of the pollen parent appears justified as a reasonably approximate basis for estimating differences between the reciprocals of T13 with Tx61M. The absolute concentrations, however, were consistently lower than those calculated from the parental values.
No reason is known why the observed concentrations in the F1 and F2 crosses and in the backerosses should be consistently lower than the calculated values based on parental concentrations. Differences in kernel size *between the parents and the F1 crosses would be of negligible importance in relation to the size of the deficits. Even the excess size of the F2 and That the starchy kernels from the crosses of I45 and G192 with T13 contained higher concentrations of niacin than the sugary parents makes is obvious that all crosses of sweet with starchy need not have a lower niacin concentration than the sweet parent. The situation is more complex and depends upon the particular material used. In addition to the niacin concentrations observed in the different crosses, the concentrations as calculated from those of the parents are shown in table V for the three sweet inbreds having reciprocal crosses with both T13 and Tx61M. These calculations are based on an assumption that each sweet inbred has an inherent niacin concentration apart from the influence of the su gene. In crosses with starchy corn, the effect of su will be suppressed by its Su allele, and the niacin concentration of the cross will be determined by this inherent concentration of the sweet parent and the effective concentration of the starchy parent. In the absence of other information, this "effective concentration" will be taken as that determined by assay. But it must be recognized that other genes could act on niacin similarly to su,-as already suggested. If so, the starchy corn could also have an inherent concentration which would be the only one effective in F1 crosses.
The method of calculating the niacin concentrations for the averages of the reciprocals of the three sweets with T13 is used as an example. The inherent concentration of the sweets will be symbolized by L.
T13 The F1 sweet-starchy hybrids were grown in 1948, were backerossed by and on the sweet parents, and were selfed. The assay values for the starchy and sugary kernels from the resulting ears are shown in table VII. For all selfings and crossings of Su su x su su, the data are the averages for the individual assays of the numbers of ears stated. The same is true for the 51K2 progenies from matings of su su x Su su; for other progenies from this kind of mating the data are single assays of bulked samples from the numbers of ears stated. The standard deviations are based on variances among ears within individual progenies, and do not comprise any of the variation between progenies. They apply to the average concentrations shown immediately above them in the table. Thus, 0.68 is the standard deviation of the mean concentration of 20.6 in the starchy kernels from 20 ears of (Tx61M x su) x su.
The sweet kernels in every case carry a higher niacin concentration than the starchy kernels on the same ears. This excess niacin concentration, however, is not uniform for the different sweet inbreds used, nor for the two starchy parents with which they were crossed. As might have been expected, the segregates from crosses with T13 have a higher niacin concentration than do those involving Tx61M, for the sweet kernels as well as for the starchy ones. Moreover, the excess niacin in the sweet kernels above that in the comparable starchy kernels is greater in the T13 crosses. ence, both absolute and relative, on a background of high-niacin germ plasm (T13 crosses) than of low-niacin germ plasm (Tx61M crosses).
The relation between the niacin concentration in comparable sweet and starchy material is best shown by the correlation for the starchy and sweet kernels coming from the same selfed ears of the 1949 crop. This is reported in table X, both for the total variance and for the portions of the variance coming in from the various sources. The material comprised 30 ears, three for the crosses of Tx61M and of T13 with each of the five sweet inbreds listed in table IX. The over-all correlation of 0.95 is highly significant and indicates that 90%o-i.e., r2, of the variance was concomitant. The correlations of the fractional variances show a similar situation at all levels of analysis. Even though some of the coefficients of correlation are not significant by conventional statistical standards, their consistency indicates this to be the fault of too few degrees of freedom rather than inadequate correlation.
HIGH-NIACIN SWEET CORN
The ease with which niacin concentration was increased in starchy corn (12) 
Discussion
Our earlier paper (12) was concerned with the inheritance of niacin concentration in starchy corn. We concluded that this depended on a multiplefactor system involving many genes of small individual effects. It was noted also that data from experiments by others (9) with starchy-sugary hybrids indicated simple Mendelian inheritance, with Su dominant for low niacin over its su allele. We suggested that this might be a pleiotropic effect of the Su su alleles. The data presented here support the conclusion as to multiple-factor inheritance in starchy corn, though suggesting some additional details. The present data also support our suggestion of a pleiotropic effect of the Su su alleles, and show further that these genes interact with the multiple-factor system in final determination of niacin concentration.
It seems proven that the niacin concentration of the corn endosperm (and, therefore, the kernel) is controlled almost exclusively by the direct action of genes during its formation. Environment has been shown (12) to have a negligible influence. Even large differences in seed size, as here reported, had no important effect on niacin. The physiology of the seedparent plant as influenced by the genes Sit and su made no discernible difference. Finally, the evidence of a 2: 1 ratio for the effect of seed and pollen parents appears conclusive. Our data, accordingly, are for the means of the designated populations, those for De and de and for Su and su phenotypes being, of course, distinctive for these characteristics. Data on the effects of selecting further for high and for low niacin concentration in the Huffman variety will be published later. Continued gradual progress has been made, with extremes for individual seed ears of about 70 and 7 micrograms per gram having been obtained. This progress has been such as would be expected under multiple-factor inheritance. On the other hand, most of the crosses that have been made between highniacin lines have had lower concentrations of niacin than the mean of the parents. In one series of crosses, moreover, the niacin was lowered less in crosses between more closely related material and lowered more in crosses of less closely related material. Such a situation would result if selection for high niacin had isolated strains carrying an accumulation of recessive, or partly recessive, genes for high niacin. Different strains would carry different assortments, and hybrids between strains would tend to have lower concentrations than the parental values would indicate. The behavior of T13 in its crosses, particularly with Tx61M and the sweet inbreds, also would be in keeping with such a hypothesis. Our crosses were made incidentally to the selection program and the data are indicative only on the above situation. It is an interesting question, however, and experiments are under way which should be more conclusive. The system would be one of multiple factors in either event, the difference being whether the determining genes lack dominance or whether dominant and recessive genes for plus and for minus niacin also are concerned.
The correlations for niacin concentration in the sweet and starchy kernels of individual ears and pedigrees is abundant evidence of the interdependence of the multiple-factor and Su su systems of inheritance in determining final niacin. On the other hand, the interaction was not strictly additive, as the concentration of the sweet kernels was larger both absolutely and on a percentage basis when the multiple-factor background was higher (T13 crosses) than when it was lower (Tx61M crosses). Finally, the su gene coming in from 51K2 was more effective in increasing niacin than the su genes coming in from the other sweet inbreds.
Any consideration of how the multiple-factor system acts in determining endosperm niacin concentration must be highly speculative at this time. However, some basic facts are available. Data will be published elsewhere to show that the so-called "niacin" of these studies is principally free nicotinic acid and not one of the coenzymes or nicotinamide as might have been expected. It is reasonable to assume that the genes wlhich control the ulti-mate level of nicotinic acid in starchy endosperm as well as the niacin-contributing power of sugary endosperm may be concerned not only with the biosynthesis of the vitamin but also with its metabolic degradation. Individually, these genes may complete new enzymatic pathways of synthesis and of degradation or replicate existing ones. Furthermore, they may complete sequential reaction series antecedent to nicotinic acid formation and thus contribute to lower niacin by introducing side-reactions involving precursors of the vitamin. The task of identifying niacin precursors in corn was begun in the Columbia laboratory by NASON (11) . It is now clear that feeding tryptophane to excised embryos of T13, and feeding 3-hydroxyanthranilic acid to embryos of T13, P39, and their reciprocal crosses leads to appreciable accumulation of extra niacin. The situation so far resembles that in Neurospora as reviewed recently by BEADLE (2) . There still remains the task of identifying other possible precursors, if any, and of comparing the relative rates of utilization of these precursors by genetic lines having intrinsically different niacin contents. A corresponding study of the breakdown of nicotinic acid to trigonelline is in progress. From this point of view, it would appear that the higher-niacin strains of corn might be those having a balance of plus niacin genes to promote synthesis, or a balance of minus niacin genes to retard degradation, or both.
It seems entirely possible that the influence of the Su su alleles on niacin concentration is associated more or less directly with their action on carbohydrate deposition in the endosperm. CAMERON Alternatively, our data can fit equally well the hypothesis that denies a direct relation between the two influences of the Su su alleles. Thus the s-u gene may simply be more efficient in fostering the synthesis of niacin from some precursor. Under either of these hypotheses there would be an increase in the niacin concentration of sugary seeds. In one case this would result from the absence of excessive degradation and in the other from the direct synthesis of a larger quantity of the vitamin.
It is difficult to believe, however, that a single gene would exercise separate (and presumably independent) control over two such widely related processes as nicotinic acid metabolism and polysaccharide production from the products of photosynthesis. It would seem much more likely that one process is closely linked to the action of the su gene and that the other represents an ensuing metabolic consequence. The presence of large amounts of soluble sugars and water-soluble polysaccharides in corn endosperm during the development of the kernel is associated with the occurrence of correspondingly high concentrations of nicotinic acid and of other B vitamins. Presumably metabolic activity is high in the presence of these large quantities of respirable substrates. During the extensive starch grain formation that accompanies maturation of starchy kernels, the niacin concentration rapidly decreases, although the absolute amount per kernel continues to increase slowly. In the sugary kernel, however, less starch grain formation occurs, and the concentration of soluble carbohydrate remains high, as do also the concentrations of niacin and other water-soluble vitamins (3). In the physiological sense, therefore,-the high niacin content of sugary endosperm may represent simply a case in which the demand for niacin in dehydrogenase formation is maintained at levels somewhat more characteristic of vegetative than of storage tissue. In this way there may exist an instructive parallelism between the composition of sugary endosperm and callous tissue induced by stem girdling when these are compared respectively with starchy endosperm and normal vegetative stem tissues.
Stocks developed in our genetic studies can prove invaluable in the collateral physiologic research necessary to the final solutions. Thus, the starchy strains developed differ among each other by different degrees of inbreeding, and therefore by graduated assortments of differentiating genes. The same will be true later for sweet strains. Both of these should lend themselves well to studies of physiologic processes differing in detail. The use of bulk samples of kernels will be unsatisfactory for such studies, but this should not be necessary. There seems to be no reason why assays should not be made of the endosperms of individual kernels, and the embryos of such kernels then be used for producing plants of the specifically determined phenotypes. Summary 1. Niacin concentration in corn is a function of the genetic constitution of the endosperm, with practically no influence by kernel size, environment or by differences in the physiology of the seed-parent plants as between Su su and su su plants. 2 . Within starchy corn, niacin concentration is inherited as a quantitative, multiple-factor character. Crosses are basically intermediate between the parents with the seed parent exercising twice the influence of the pollen parent.
3. There was evidence that some starchy lines are high in niacin because they carry one or more recessive high-niacin genes. Crossing such lines frequently resulted in niacin concentrations below those expected from the parental values. 4 . The su gene was simply recessive for high niacin to its Su allele, the niacin concentration of sugary kernels averaging about 60%o larger than that of the starchy kernels from the same progeny. 5 . The niacin concentration of sweet corns is a poor criterion of how
